, were identified. Interestingly, among them, 10 bacterial species were not previously reported to be associated with endophthalmitis or other ocular infections. Besides, the presence of 4 unidentifiable clones suggests the possibility of novel organisms that might cause eye infections. Therefore, it is recommended that, in addition to the polybacterial nature of POE, PTE, and EE infections, the spectrum of the pathogenic bacterial community identified in this work should be considered while administering antibiotic therapy in suspected endophthalmitis cases.
ndophthalmitis is a potential vision-threatening inflammatory condition resulting from intraocular colonization of bacterial or fungal pathogens, which mainly affects the posterior segment of the eye. Most of the cases of endophthalmitis are of bacterial origin (1) , which accounts for 79% of cases (2) . Based on the intraocular entry of its pathogens, endophthalmitis is categorized into two types, exogenous and endogenous. Exogenous endophthalmitis infection results from an exterior breach of the globe caused either through surgery (postoperative), trauma (posttraumatic), or by fulminant progression of keratitis or scleritis. Since millions of cataract surgeries are performed worldwide (3), postoperative endophthalmitis (POE) is the most frequently encountered exogenous infection (4) . On the contrary, endogenous endophthalmitis (EE), which is less common (4) , results from the metastasis of bacteria into the eye from a distant infection site. Thus, endophthalmitis needs timely therapy to control the infection and to minimize ocular morbidity. Therefore, knowledge of the spectrum of microorganisms involved in such infections forms the basis for rapid and effective treatment.
The microbiological spectrum of endophthalmitis has mostly been identified using culture methods (5-7) and 16S rRNA gene PCR studies (8, 9) , which have some major constraints. Even with the most appropriate laboratory practices, the culture method has identified etiologies only in 34 to 65% of the clinical cases (10) (11) (12) . This is often because of small sample volume, low bacterial load, prior use of antibiotics, and the fastidious nature of microorganisms (9, 11, (13) (14) (15) . On the other hand, although 16S rRNA gene PCR efficiently identifies monomicrobial infection, mixed PCR amplicons of polymicrobial infection cannot be sequenced (13) without cloning or next-generation sequencing methodologies. Despite this, several studies have demonstrated the polymicrobial nature of endophthalmitis (5-7, 9, 16, 17) . The limitation in the prompt identification of the polymicrobial community subsequently delays the administration of specific antibiotics (17) . Moreover, in some cases caused by coinfection with more than one microorganism, the culture results do not correlate with the clinical features of infection, making the choice of appropriate drugs difficult (18) . Such polymicrobial communities can be analyzed precisely through 16S rRNA gene libraries or denaturing gradient gel electrophoresis (DGGE). However, DGGE applied in conjunctivitis cases was reported to identify the pathogens only at the genus level and not at the species level, due to short sequence length (13) . Certainly, inadequate identification might be improved through cloning and sequencing the entire 16S rRNA gene. Hence, the present study was designed to identify the bacterial community of endophthalmitis through 16S rRNA gene libraries combined with amplified rRNA gene restriction analysis (ARDRA) and phylogenetic analysis upon sequencing. To the best of our knowledge, this is the first study applying the 16S rRNA gene library approach toward understanding polybacterial diversity from intraocular samples of POE, posttraumatic endophthalmitis (PTE), and EE cases.
MATERIALS AND METHODS
Clinical samples and patients. A total of 39 intraocular samples (32 vitreous fluids [VF] and 7 aqueous humor [AH]) from 31 clinically suspected infectious endophthalmitis patients presenting at a tertiary care eye hospital, Coimbatore, India, from August 2009 to January 2012 were included in this retrospective study. The diagnosis of infectious endophthalmitis was made by clinical examination and ultrasonography on the basis of clinical features, including decreased visual acuity, periocular pain, and anterior-and posterior-segment inflammation. Based on their clinical histories, the patients were grouped as POE (26 samples from 20 cases), PTE (7 samples from 7 cases), and EE (6 samples from 4 cases). One panophthalmitis case (1 sample) was also included in the study.
Intraocular sampling (AH and VF) was performed under aseptic conditions by an ophthalmologist. After collection, the samples were immediately taken to a microbiological laboratory under appropriate conditions (19) and processed for bacterial and fungal culture. The remaining samples were stored at Ϫ20°C for a maximum of 2 to 3 days until being further processed for 16S rRNA gene library analysis.
Control samples. Ten intraocular samples (7 VF and 3 AH) from patients without any ocular inflammation were included in the study and analyzed along with the study samples. Written informed consent was obtained from the patients, and the study was approved by the institutional review board (IRB) of the hospital.
Microbiological identification. All the collected samples (VF and AH) were immediately subjected to Gram staining and 10% KOH wet mount and were processed for the culturing of aerobic and anaerobic bacteria and fungi. The samples were inoculated directly onto 5% sheep blood agar, chocolate agar, potato dextrose agar, brain heart infusion broth, and thioglycolate broth. The inoculated sheep blood agar plates were incubated under both aerobic and anaerobic conditions (in an anaerobic jar), chocolate agar was incubated with 5% carbon dioxide, and thioglycolate and brain heart infusion broths were incubated aerobically at 37°C. The incubated media were examined daily and discarded on the 7th day if there was no sign of growth. The inoculated potato dextrose agar was incubated at 27°C, examined daily, and discarded after 3 weeks if no growth was seen. The isolated bacterial colonies were identified by the Analytical Profile Index strip method (20) .
DNA extraction and 16S rRNA gene amplification. The stored samples (VF and AH) were further processed for DNA extraction using the QIAamp DNA minikit (Qiagen, Hilden, North Rhine-Westphalia, Germany), according to the manufacturer's instructions. The eluted DNA was stored at Ϫ20°C for a maximum of 1 week until further processing. Bacterial universal primers (Integrated DNA Technologies, Coralville, IA, USA) specific for the 16S rRNA gene, with a broad specificity for both Gram-positive and Gram-negative bacteria, were used for the nested PCR. The amplification mixture of first-round bacterial nested PCR (20 l) consisted of 1ϫ PCR buffer, 1.5 mM MgCl 2 , 400 M deoxyribonucleotide triphosphates, 0.5 M 16SF and 16SR primers (21) , template DNA (ϳ50 ng), and 0.5 U Taq DNA polymerase. The reaction mixture was placed in an Eppendorf Mastercycler, Hamburg, Germany, with thermocycling conditions of 5 min of initial denaturation at 94°C, followed by 30 cycles of 1 min of denaturation at 94°C, 1 min of annealing at 48°C, and 2 min of extension at 72°C, and a final extension of 10 min at 72°C. A first-round amplicon (2 l) was used as the template in the second-round nested PCR, which was carried out as described above using nested forward and reverse primers (22, 23) . The amplified PCR products were resolved on 0.8% agarose gel and visualized after ethidium bromide (0.5 g/ml) staining.
All reagents were prepared using sterile nuclease-free water and treated under UV light for 30 min. Furthermore, DNA extraction, PCR, and gel electrophoresis were carried out in three separate rooms with adequate sterility. In addition, for each PCR, a negative control (water instead of DNA template) was carried out through two rounds of PCR (the first-round PCR product was used as the sample for the second round) to exclude the possibility of false-positive PCR results by crosscontamination.
Cloning and 16S rRNA gene library construction. The second-round amplicons were eluted from agarose gel using the QIAquick gel extraction kit (Qiagen, Hilden, North Rhine-Westphalia, Germany) and then ligated into pGEM-T Easy vector system I (Promega, Madison, WI, USA), according to the manufacturer's instructions. Ligation was performed overnight at 4°C, followed by CaCl 2 -mediated transformation into Escherichia coli DH5␣-competent cells (24) . The recombinant clones were screened on a Luria-Bertani (LB) agar plate, which contained 1,000 g X-Gal (5-bromo-4-chloro-3-indoyl-␤-D-galactopyranoside), 2.38 g IPTG (isopropyl-␤-D-thiogalactopyranoside), and 100 g/ml ampicillin. The screened clones were subcultured on an LB agar plate containing ampicillin. Plasmid DNA was extracted from all the recombinant clones by a standard alkaline lysis method (25) and subjected to PCR amplification with vector-specific SP6 (5=-ATT TAG GTG ACA CTA TAG-3=) and T7 (5=-TAA TAC GAC TCA CTA TAG GG-3=) primers using the same program as for 16S rRNA gene amplification.
ARDRA, 16S rRNA gene sequencing, and phylogenetic analysis. The 16S rRNA gene inserts were initially differentiated from each other by means of ARDRA to avoid sequencing all the clones (26) . The amplified PCR products of the positive recombinants were digested with HaeIII restriction enzyme (Genetix, New Delhi, India) for 4 h at 37°C and electrophoresed in 2% agarose gel at 100 V for 1 h. The gel was examined and documented (Alpha DigiDoc, Santa Clara, CA, USA). The banding patterns were compared manually for each library, and binary analysis was also performed with NTSYSpc version 2.1 (Exeter Software, Setauket, NY, USA). The clones with similar banding patterns were grouped together. Subsequently, one representative clone from each group from each library was chosen for 16S rRNA gene sequencing with the SP6 and T7 promoter primers using Sanger dideoxy sequencing technology (Macrogen, Inc., Geumcheon-gu, Seoul, South Korea).
The consensus 16S rRNA gene sequences were obtained with SeqMan Pro (DNAStar, Inc., Madison, WI, USA) and examined for chimeras using the program UCHIME (version 4.2.40). Subsequently, a calculation of pairwise 16S rRNA gene sequence similarities was carried out using the EzTaxon server (http://www.eztaxon.org/) (27) . The clones were identified at the species or genus level according to the sequence similarity cutoff values recommended by CLSI guideline MM18-A (28), as well as through phylogenetic tree construction.
Initially, the 16S rRNA gene sequences of the recombinant clones were phylogenetically compared with those of the type strains of all the species from closely related genera, which were retrieved from NCBI (BLASTn 2.2.26ϩ), StrainInfo (www.straininfo.net), and the EzTaxon server using the neighbor-joining, maximum-likelihood, and maximum-parsimony algorithms of MEGA software version 5.0 (29) . Finally, a phylogenetic tree was constructed with closely related species at 1,000 bootstrap replications to assess the confidence limits of the branching (30) .
Statistical analysis. The culture and PCR results were statistically compared by McNemar's test. The results for POE, PTE, and EE were compared through one-way analysis of variance (ANOVA) and Student's t test. A P value of Ͻ0.05 was considered significant.
Nucleotide sequence accession numbers. The 16S rRNA gene sequences were deposited in the GenBank database under accession numbers KF261202 to KF261215, KF261217 to KF261220, KF261222 to KF261224, KF261226 to KF261228, KF261230 to KF261249, and KF261251 to KF261307.
RESULTS
A total of 39 ocular samples from 31 patients with endophthalmitis and 1 sample from a panophthalmitis infection were investigated through cultivable and culture-independent methods. Table 1 shows the overview of the culture and PCR results of the tested samples. Out of the 40 samples, 19 (48%) were culture positive for bacteria, while 30 (75%) were nested PCR positive. The first and second rounds of PCR generated ϳ1,500-bp and ϳ1,060-bp products, respectively. The nested PCR increased the clinical sensitivity (P ϭ 0.0026) compared to the culture method. The PCR controls were consistently negative even after two rounds of amplification. The control samples from patients without any infection were negative for both culture and PCR.
Bacterial identification through cultivable methods. Among the culture-positive cases for bacteria, 18 samples showed monobacterial infection with a Bacillus sp. (n ϭ 1), a Klebsiella sp. (n ϭ 1), Pseudomonas aeruginosa (n ϭ 4), Pseudomonas spp. (n ϭ 2), coagulase-negative staphylococci (n ϭ 2), Streptococcus pneumoniae (n ϭ 4), E. coli (n ϭ 1), viridans streptococci (n ϭ 1), an Acinetobacter sp. (n ϭ 1), and a Haemophilus sp. (n ϭ 1). Interestingly, one sample (PTE4) showed polybacterial infection with a Bacillus sp. and viridans streptococci.
Bacterial identification through 16S rRNA gene libraries. Out of 40 intraocular samples tested, a total of 30 16S rRNA gene libraries were constructed with the PCR-positive samples, and the recombinant clones from each library were analyzed through ARDRA. Among them, 5 (POE9, POE14, POE20, PTE1, and EE2) showed a single type of restriction pattern, while the remaining 25 showed multiple types of restriction patterns, indicating the presence of monobacterial and polybacterial infection (26) . Of these 25 samples, six showed 2 restriction patterns, five showed 3 restriction patterns, eight showed 4 restriction patterns, two showed 5 restriction patterns, two showed 6 restriction patterns, one showed 9 restriction patterns, and one showed 11 restriction patterns. The ARDRA patterns of the representative clones of all 30 16S rRNA gene libraries are shown in Fig. S1 and S2 in the supplemental material. In total, 73, 21, 8, and 4 ARDRA patterns were exhibited by POE, PTE, EE, and panophthalmitis cases, respectively. Based on ARDRA patterns, the difference between POE, PTE, EE, and panophthalmitis in terms of polybacterial infections was not statistically significant (P ϭ 0.345). About 106 representative clones with unique restriction patterns were selected for 16S rRNA gene sequencing to identify various bacterial communities. The 16S rRNA gene sequences of five clones (POE5-02, POE5-36, POE6-12, POE7-02, and POE12-02) were identified as chimeras and were not included in further analyses. Table 2 shows the overall results of 16S rRNA gene libraries and the cultivable approach. Based on BLAST analysis (EzTaxon server), the sequence similarity ranged between 95% and 100%. The phylogenetic tree (Fig. 1) was constructed using 16S rRNA gene sequences of 95 representative clones. The clones with Ͻ600 bp of sequence were not included in the phylogenetic tree to ensure genuineness and rule out ambiguity in analysis.
Of the 101 representative clones, 75 were identified down to the species level, while 22 were identified down to the genus level (Table 2) . However, 4 clones with Յ97% sequence similarity remained unidentifiable. Out of 97 identified clones, 53 (55%) were Gram-positive bacteria and 44 (45%) were Gram-negative bacteria. Among 30 libraries, 11 showed the presence of Gram-positive bacteria, 5 showed the presence of Gram-negative bacteria, and the remaining 14 showed the presence of both. Hence, the difference between the distributions of Gram-positive and Gram-negative bacterial isolates in the study was not statistically significant (P ϭ 0.105).
Out of the 30 16S rRNA gene libraries, 5 (17%) showed monobacterial infection with S. pneumoniae (POE9 and POE14), Bacillus cereus (POE20), P. aeruginosa (PTE1), and Pseudomonas otitidis (EE2), while 25 (83%) showed polybacterial infection. Among the latter, 7 libraries showed the presence of Staphylococcus simiae (POE4), S. pneumoniae (POE15, POE16, and POE17), B. cereus (POE18 and EE4), and P. aeruginosa (PAN1). Although the sequencing results showed the presence of single bacterial species in these libraries (Table 2) , diverse ARDRA patterns and variation in sequence similarity suggest that they might be different strains of the same species.
Among the remaining 18 libraries of polybacterial infections, five samples (POE2, POE11, POE19, EE1, and EE3) were inferred to have 2 different bacteria. Similarly, 3 different bacteria were detected from the clones of another seven samples (POE3, POE5, POE7, POE8, PTE2, PTE4, and PTE5). Four samples (POE1, POE6, POE12, and POE13) had infection with 4 different bacteria. Interestingly, samples PTE3 and POE10 recorded a high abundance of polybacterial infection, with 6 and 8 different bacteria, respectively. The frequency of polybacterial infection among POE, PTE, and EE was statistically nonsignificant (P ϭ 0.277).
DISCUSSION
The cultivable method showed only 48% sensitivity for the identification of the bacteria from intraocular samples from endophthalmitis cases. In addition, among the culture-positive cases, the polybacterial identification sensitivity was only 5%. This clearly demonstrates the limitation of culture methods for identifying coinfection by the bacteria that are fastidious, facultative or obligate, and even noncultivable, which is in accordance with the findings of earlier studies (8, 10) . This emphasizes the need for molecular techniques to identify mixed pathogens with higher sensitivity. Very few studies have analyzed the polybacterial community, especially in POE cases (16, 31) . Hence, through this study, we investigated the polybacterial community of endophthalmitis cases through 16S rRNA gene library construction and sequencing. To increase the sensitivity of bacterial detection, 16S rRNA gene amplification was specifically done through nested PCR (10) . Out of 40 samples investigated for bacteria, 10 produced negative results by both the culture and PCR methods (Table 1) . Such negative results may be due to the sequestration of bacteria on solid surfaces (e.g., intraocular lens, lens remnants, and capsule) leading to low numbers in the liquid sample, prior antibiotic administration, or nonbacterial infection (9, 14, 15, 32) . Culture-independent methods, like DGGE or 16S rRNA gene libraries, are relatively good, and the latter has proved to be more efficient for analyzing bacterial diversity (33) . Yet, the 16S rRNA gene library is often challenged by its limited clone sequencing, which leads to the possibility of some bacteria remaining undetected. Nevertheless, in our study, all the recombinant clones of each library were subjected to ARDRA, and the representative clones were sequenced to identify the associated bacteria. In addition, out of 30 libraries, 25 showed diverse ARDRA patterns ( Fig. S1 and S2 in the supplemental material), which reinstates the proficiency and dexterity of ARDRA in the present study. Furthermore, the 16S rRNA gene sequences were analyzed through pairwise nucleotide similarity values in the EzTaxon server and phylogenetic tree construction. The EzTaxon server contains only type strains of bacteria (27) and provides reliable identification. Most of our bacterial identifications were in accordance with the etiology and occurrences reported in previous studies (5-10). Well-recognized causative agents of bacterial endophthalmitis, like Bacillus spp., Streptococcus spp., Serratia spp., Pseudomonas spp., Enterobacter spp., and Staphylococcus spp., were frequently observed (Table 2) . Remarkably, many bacteria that have never been reported in endophthalmitis or any other ocular infections were also identified in the present study. Streptococcus tigurinus is a significant human pathogen associated with serious invasive infections, i.e., infective endocarditis, spondylodiscitis, bacteremia, meningitis, prosthetic joint infection, and thoracic empyema (34) . Catalase-positive and coagulase-negative S. simiae were previously isolated from heart valve specimens from a patient with infective endocarditis (35) . Similarly, P. otitidis was identified from clinical specimens from infected human ears (36) . Enterobacter cancerogenus, a facultative anaerobe, has been associated with osteomyelitis (37), urinary tract infections (38) , bacteremia, cholangitis, pneumonia (39) , and traumatic injuries (40) . To our knowledge, Lysinibacillus spp., Bacillus simplex, Pseudomonas taiwanensis, Pseudomonas plecoglossicida, Pantoea anthophila, and Serratia ureilytica have not been detected in any other clinical specimens. In addition, Enterobacter hormaechei, reported earlier in POE samples (16) , was also identified in our POE samples (POE10 and POE12). Thus, most of the bacteria identified in this study were explicitly found to cause ocular or other infections in humans.
Moreover, 4 clones (POE3-02, POE6-04, POE13-02, and PTE3-16) were not identified at any taxon level, as they showed less similarity to other GenBank sequences and did not cluster phylogenetically with any known organisms. Such unidentifiable bacteria might be novel and yet to be cultured. Similar conclusions have been reported in a previous study (41) on unidentifiable sequences from endophthalmitis cases. Overall, the sensitivity of polybacterial identification through 16S rRNA gene libraries (83%) was higher than that through the culture method. This can be further illustrated with samples from one patient (P12), which showed the presence of S. pneumoniae in both the culture diagnosis and 16S rRNA gene library approach in AH and VF samples collected on the first day (Table 2) . Upon administration of intravitreal antibiotics, while the culture diagnosis of samples collected on the second day confirmed the same pathogen in AH, it was negative in VF. On the contrary, the 16S rRNA gene library revealed the presence of the same pathogen in both AH and VF. The antibiotic administration may have reduced the bacterial load, which might have resulted in VF being culture negative. Thus, our results demonstrated the specificity and sensitivity of the 16S rRNA gene library approach and suggest that the treatment modality is more appropriate when a culture-independent approach is used for bacterial identification. However, the16S rRNA gene library approach is not appropriate for timely identification and cannot be used in all endophthalmitis cases. Nonetheless, it can be applied in recurrent/chronic endophthalmitis cases, wherein accurate diagnosis would lead to a speedy recovery of the patients.
The statistically nonsignificant results of the ARDRA pattern (P ϭ 0.345) and polybacterial identification (P ϭ 0.277) revealed the polybacterial potentials of POE, PTE, and EE. Though some previous studies have described the polymicrobial potential of POE (6, 16, 41) and PTE (5), none of them reported the polymicrobial potential of EE. This emphasizes the significance of our findings in bacterial endophthalmitis. Furthermore, the statistically nonsignificant distribution of Gram-positive and Gram-negative bacteria (P ϭ 0.105) proved that they are equally involved in endophthalmitis infection. Of note, the polymicrobial potential of endophthalmitis may have an effect on determining the appropriate antibiotic therapies (5, 6) . Thus, with consideration of these polybacterial characteristics of endophthalmitis, additional care must be taken to select appropriate antibiotics for treating such cases. In addition to both Gram-positive and Gram-negative bacteria (5, 6, 41) , the pathogenic bacterial communities identified in the present study need to be considered during antibiotic selection.
Altogether, this study has shown the ability of the 16S rRNA gene library to analyze polybacterial infections from ocular samples with higher sensitivity and reliable phylogenetic identification. Furthermore, this study signifies the need for modification in widely used culture methods in order to consider rare causative organisms. Since the bacteria colonizing the conjunctiva (42) and eyelid (43) are also responsible for POE, the 16S rRNA gene library approach might essentially reveal the microbial communities of these parts of the eye. Such studies will lead to an improved understanding of the causative organisms, which in turn would help to formulate appropriate antibiotic therapy and eventually decrease the severity of the infection.
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FIG 1
Phylogenetic tree using neighbor-joining method generated on partial 16S rRNA gene sequences from clone libraries of infectious endophthalmitis. Bootstrap values (1,000 replicates) of Ͼ50% are given at the nodes. Black circles indicate the clades that were conserved when neighbor-joining, maximum-parsimony, and maximum-likelihood methods were used to construct phylogenetic trees. Methanococcus thermolithotrophicus was used as an outgroup. Scale bar represents the number of substitutions per nucleotide position.
